Introduction
The adult brain, specifically the subventricular zone (SVZ) niche, contains multipotent neural progenitor cells (NPCs; Doetsch et al., 1999; Gage, 2000) . Microenvironments, or niches, regulate NPC development and population size to maintain tissue homeostasis in the adult CNS (Kokovay et al., 2010; Kazanis and French-Constant, 2011) . NPCs born in the SVZ migrate long distances along the rostral migratory stream, reaching the olfactory bulb and terminally differentiating into neurons (Menezes et al., 1995) . Furthermore, NPCs retain the ability to migrate into the subcortical white matter and differentiate into myelinating oligodendrocytes, both in normal and pathological conditions (Aguirre et al., 2007; Etxeberria et al., 2010) .
Progress in stem cell biology has expanded expectations for therapeutic approaches to neurological disorders (Lim et al., 2007; De Filippis and Binda, 2012) . It has been suggested that manipulation of endogenous NPCs might be an ideal strategy to promote cellular repair, because of their relative abundance, high proliferation rate, and migratory capacity (Taupin, 2007) . Current theories suggest that NPCs respond to brain injury in a manner that is believed to be an effort to stop ongoing damage and promote repair (Sellers and Horner, 2005; Felling et al., 2006) . In support of this hypothesis, increased cell proliferation and migration have been reported in the acute phases of brain injury in both hypoxic/ischemic and demyelination conditions Felling et al., 2006; Menn et al., 2006; Nait-Oumesmar et al., 2008) . Indeed, several studies have demonstrated mobilization of endogenous NPCs from the SVZ to areas of damage, achieving some degree of repair in several pathological brain settings (Barkho and Zhao, 2011; Winner et al., 2011) .
Gradients of factors such as heparin-binding epidermal growth factor, vascular endothelial growth factor, and stromal cell-derived factor 1 can emanate from distant brain lesions and may act as attractants for NPCs Schmidt et al., 2005; Cantarella et al., 2008; Kokovay et al., 2010; Plane et al., 2010) . Such signals have been shown to alter the migratory paths of progenitors, redirecting them toward areas of brain damage (Cayre et al., 2009 ). In particular, EGFR signaling has proven to be crucial in promoting NPC proliferation, migration, and recruitment during development and in pathological conditions (Aguirre and Gallo, 2007; Aguirre et al., 2007; Gonzalez-Perez et al., 2009) . Although the signaling pathways acting on NPCs of the adult SVZ niche are fairly well understood, the pathways activated following injury, and the resulting outcomes, are less clear. Identifying signaling cues that promote mobilization and recruitment of NPCs in the injured brain is of great importance to the design of cellular strategies for brain repair.
In the present study, we used mouse models of demyelination along with a proteomics approach to identify signaling cues present in SVZ NPCs following injury. Given the importance of cellcell and cell-ECM complexes in the maintenance of the SVZ and for cell migration, we focused on cues present during the peak of demyelination, when the SVZ is actively adapting to the injury, which could alter either of these cellular functions.
Materials and Methods
Transgenic mice. Details regarding the generation and characterization of CNP-EGFP (Yuan et al., 2002) , GFAP-GFP (Nolte et al., 2001) , CNPhEGFR (Ling et al., 2005) , and NG2-dsRED mice (Zhu et al., 2008) have been previously reported. Tamoxifen inducible Nestin-Cre (stock no. 012906), and Wa2 mice (waved-2 mutation; Egfrwa2; Wa2/Wa2) were obtained from Jackson Laboratories. The ADAM10 fl/fl mouse was kindly donated by Dr Dempsey (Department of Pediatrics and Communicable Diseases, University of Michigan, Ann Arbor, MI) and Dr Howard Crawford (Department of Cancer Biology, Mayo Clinic Florida, Jacksonville, FL). Genotyping of these transgenic mice was performed by PCR (additional information regarding genetic background, primers, and PCR programs can be obtained on request). For induction of recombination and deletion of ADAM10 in nestin ϩ cells, adult mice (fl/fl and control mice) received three tamoxifen injections (24 h apart; 45 g/g body weight from a 10 mg/ml tamoxifen stock in sesame oil). Littermate mice wild-type for ADAM10 or negative for nestin-Cre in the ADAM10 line were used as controls and were also treated with tamoxifen concurrent with fl/fl mice. In experiments using Nestin::ADAM10 f/fl mice, SVZ samples were obtained at 48 h after the last tamoxifen injection, and processed for Western blot or cell culture, as indicated. In this study, we used equal numbers of male and female mice for analysis. All animal procedures were performed according to the Institutional Animal Care and Use Committee of SUNY Stony Brook and the National Institutes of Health "Guide for the Care and Use of Laboratory Animals."
Mouse models of demyelination and remyelination: cuprizone and lysolecithin. For the cuprizone model, adult mice (45-to 90-d-old; P45-P90) were fed ad libitum with 0.2% cuprizone (cyclohexylidenehydrazide; Sigma-Aldrich) mixed into a pelleted Teklad chow diet (TD.8604; Teklad Laboratories) for 12 weeks to induce chronic demyelination of the subcortical white matter (SCWM; Hibbits et al., 2009) . Untreated control mice were fed pelleted Teklad chow concurrently, whereas experimental mice were being treated with cuprizone. Following 12 weeks of treatment, some of the mice receiving cuprizone were returned to a standard pelleted chow diet for a period of 4 weeks to promote remyelination (the remaining mice were processed for analysis at the 12 week time point).
For all experiments, 12 weeks of cuprizone treatment served as the demyelination time point, whereas 12 weeks of cuprizone plus 4 weeks of regular chow served as the recovery time point (Fig. 1A) . To induce acute demyelination, adult mice (P45-P90) were injected with 1.0% lysolecithin (Sigma-Aldrich) into the corpus callosum (CC; 1.5 mm anterior/ posterior; 1 mm medio/lateral and 2.2 mm dorso/ventral from bregma). The time of the injection was noted, and this served as the starting time point for all measurements of days postlesion (dpl). For this model, 5-7 dpl served as the demyelination time point, whereas 21 dpl served as the recovery time point (Fig. 1B) .
SVZ microdissection. SVZ tissue was microdissected from 200-mthick coronal brain sections using a tissue chopper (McIlwian) and fine forceps to avoid tissue contamination from neighboring brain regions, as previously described . Dissected SVZ tissue was used for Western blots, immunohistochemistry, and cell cultures as indicated. For all experiments, dorsolateral SVZ tissue was used (see Fig. 5B , boxed area; Ortega et al., 2013) .
Western blots and immunoprecipitation. SVZ tissue was microdissected as described above, and tissue was used for whole protein extraction using RIPA lysis buffer (Santa Cruz Biotechnology) with inhibitors; PMSF in DMSO, protease inhibitors, and sodium orthovanadate, as instructed by the manufacturer. Protein samples (10 -15 g) were cleared by centrifugation (10,000 ϫ g ϫ 5 min), separated on acrylamide gels, and then transferred to polyvinylidene difluoride membranes (Millipore) at 25 V for 12-16 h (overnight) at 4°C. For the detection of N-cadherin C-terminal fragments (CTFs), 30 g of protein was loaded. Antibodies were used for detection of the indicated proteins (Table 1) in combination with secondary horseradish peroxidase-conjugated antibodies using an enhanced chemiluminescence substrate mixture (ECL Plus, GE Healthcare; Santa Cruz Biotechnology; 1:5000). Where indicated, protein levels are quantified in arbitrary units (A.U.) following normalization to ␤-actin levels (used as the loading control for all Western blot experiments, where indicated).
For immunoprecipitation experiments, SVZ tissue from wild-type, transgenic, cuprizone, and lysolecithin adult mice was treated with RIPA buffer to obtain protein extracts (Aguirre et al., 2007) . Aliquots of 100 g (for in vitro studies) or 200 g (for in vivo studies) of protein extract were incubated with antibodies against N-cadherin (Santa Cruz Biotechnology; 1 g) and 10 l of Protein-A-conjugated agarose beads (Santa Cruz Biotechnology) for 12-16 h at 4°C. Proteins associated with N-cadherin were concentrated by centrifugation at 10,000 ϫ g for 3 min at 4°C and washed twice with cold RIPA buffer to remove nonspecific binding partners. N-cadherin complexes were resolved on acrylamide gels and detected as described above.
Immunohistochemistry. Brain sections were processed for immunohistochemistry analysis as previously described with minor modifications (Yuan et al., 2002) . Briefly, tissue sections were blocked for 1 h using blocking solution (10% goat serum, 1% BSA, and 0.3% Triton X-100 diluted in PBS) and incubated with primary antibodies overnight at 4°C in carrier solution (4% goat serum and 0.3% Triton X-100 diluted in PBS; dilutions and companies for antibodies are displayed in Table 1 ). The following day, sections were washed three times in carrier solution followed by incubation with the appropriate highly cross-absorbed secondary antibodies. Following four additional washes, nuclei were stained with DAPI and sections were mounted using MOWIOL mounting media. Histological preparations were imaged using confocal imaging. Proliferation in vivo was assessed by injecting BrdU intraperitoneally at 100 mg/kg 2-3 h before the end of the experiment as previously described (Aguirre et al., 2007) .
Immunocytochemistry. For immunocytochemistry analysis, cells were plated onto poly-L-lysine (50 g/ml) and fibronectin (10 g/ml) coated coverslips to test cell differentiation potential and for characterization. At the conclusion of the respective experiments, cells were fixed with 4% PFA and then blocked using 20% goat serum/0.05% Triton X-100 in PBS for 10 min at room temperature. The coverslips were then processed with the indicated primary antibodies followed by secondary antibody incubation (Table 1 shows a list of antibodies used in this study).
Proteomic analysis. Proteomic analysis was performed as previously described (Sinnamon et al., 2012) . Briefly, SVZ tissue was dissected from adult brains and homogenized in lysis buffer (50 mM ammonium bicar- Figure 1 . Acute and chronic demyelination of the subcortical white matter expands the pool of neural progenitor cells in the SVZ niche. A, Timeline illustrating the course of cuprizone-induced chronic demyelination of the SCWM. Adult mice were fed a 0.2% cuprizone diet (Cupz.) for 12 weeks (12 w; demyelination phase), leading to global demyelination of the SCWM. At the conclusion of this period, a diet consisting of regular chow was resumed for 4 weeks (12w/4w; remyelination phase), to allow for remyelination of demyelinated lesions. Control mice were supplied with a regular diet (Reg.), concurrently, for the full 16-week period; 12w ϭ peak of global SCWM demyelination in the CNS and the time point chosen for proteomic analysis of SVZ tissue (caret symbol). B, Timeline illustrating the course of lysolecithin-induced acute focal demyelination of the SCWM. Adult mice received a single injection of lysolecithin (2 l; 1.0%) directly into the CC (ipsilateral side) leading to acute focal demyelination at 5-7 d after injection. The lesion resulting from lysolecithin injection promoted recruitment of local resident NPCs in the SCWM as well as migratory NPCs from the SVZ (10 -14 d after lysolecithin injection), and further differentiation of NPCs (21 d after lysolecithin injection), leading to the eventual repair of demyelinated lesions. The same mice were injected with 0.9% NaCl into the contralateral hemisphere and used as controls. C, Immunohistochemistry analysis at the peak of chronic demyelination with anti-BrdU, anti-Olig2, anti-EGFR, and anti-Mash1 antibodies was used to characterize SVZ cells that respond to injury. Quantifications are presented as the number of cells displaying immunoreactivity to the indicated antibodies, relative to the total number of cells counted. Cell quantifications were determined by analyzing images of the SVZ stem cell niche obtained by confocal microscopy. D, Representative confocal images in the SVZ niche with anti-EGFR and anti-Olig2 antibodies at the peak of demyelination of adult control and cuprizone fed mice. A higher number of Olig2 ϩ EGFR ϩ cells were present in the SVZ niche of demyelinated mice. The dotted lines indicate the boundaries of the SVZ niche and represent the area taken into consideration for analysis. E, Representative confocal images in the SVZ niche with anti-NG2 and anti-Ki67 antibodies of control and lysolecithin-injected hemispheres. NG2-dsRED transgenic mice were used to detect the response of NG2 ϩ cells within the SVZ niche during demyelination. Using this approach, cells displaying NG2 immunoreactivity were expanded at the peak of acute demyelination. NG2 ϩ cell expansion in the SVZ was a result of both active cell division and lineage commitment from pre-existing NPCs (right panels). The dotted lines indicate the boundaries of the SVZ and area that was taken into consideration for analysis. F, SVZ tissue was dissected from control or cuprizone mice at 12 weeks of treatment, and single cell suspensions were prepared for floating cell culture (neurosphere assay) to assay proliferation dynamics during this condition. Cells were plated at clonal density and maintained in stem-cell medium under proliferative conditions. At 7 DIV the numbers of neurospheres were quantified. (Figure legend continues.) bonate, 8M Urea, 1 ϫ invitrosol, protease and phosphatase inhibitors) using a tissue homogenizer (Precellys 24, Precellys). Tissue lysates were cleared by centrifugation following homogenization and the protein concentration in individual samples was determined using an EZQ protein assay (Invitrogen). We generated protein lysate of SVZ tissue from metabolically labeled mice as internal protein standards. Lysates from wild-type mice were metabolically labeled using stable isotopelabeled ( 15 N) amino acids (SILAM) according to the feeding regimen established in the Chen laboratory (Koller et al., 2013) .
15 N incorporation into peptides was verified by 2D LC-MS/MS as being Ͼ97%. Age and sex-matched 15 N-labeled SVZ tissues were dissected from three labeled brains and homogenized using the produces described above. Approximately 30 g of unlabeled SVZ lysate (from regular diet or cuprizone-treated samples) was mixed with an equal amount of 15 N-labeled SVZ lysate and diluted in 50 mM Ammonium Bicarbonate (1:1) for trypsin digestion. For detailed methods on the detection and identification of peptide fragments, see Sinnamon et al. (2012) . Protein expression changes were calculated as the ratios of signals from cuprizone-treated SVZ and untreated SVZ (treated/control).
Neurosphere cultures. Adult SVZ tissue was dissected out and transferred to chilled HBSS containing 26 mM HEPES, 0.3% glucose, and 0.75% sucrose. Cells were dissociated into single cell suspensions using 0.1% trypsin and 100 U/ml DNase I (Sigma-Aldrich) in HBSS for 25 min at room temperature. Single-cell suspensions were plated in floating cultures at a clonal dilution in stem-cell medium (SCM; 1:1 DMEM:F12 medium, 1x B27 supplement, 1% penicillin/streptomycin with daily addition of EGF, Millipore Bioscience Research Reagents,10 ng/ml; and bFGF2, Millipore Bioscience Research Reagents,10 ng/ml) as previously described . Counting of spheres was performed 7 d after plating. For differentiation experiments, neurospheres were dissociated after 7 d in vitro (DIV) using TrypLE (Invitrogen) and single cells (10,000/well) were plated onto poly-L-lysine (50 g/ml) and fibronectin (10 g/ml) coated coverslips. These cultures were maintained for 5 DIV in SCM without growth factors, and then processed for immunocytochemistry analysis with neural lineage-specific antibodies. All neurosphere, cell, and tissue explant cultures were performed in a humidified incubator maintained at 37°C and 5% CO 2 .
EGF time-course stimulation. SVZ explants were extracted from adult mice (P45-P90), dissociated into single cells as above, and cells were plated (20,000 -50,000 cells/well in 24-well plates with coverslips or 200,000 -250,000 cells/well in 6-well plates) in wells coated with poly-Llysine (50 g/ml) and fibronectin (10 g/ml). Cells were maintained for 24 -48 h under proliferating conditions in SCM using bFGF2 (2.5 ng/ml) and EGF (2.5 ng/ml) before the time course experiment. Following this period, cell culture media was replaced with fresh SCM 4 -6 h before the EGF time course experiment. EGF (10 ng/ml) was used in all time course experiments for stimulation. At the end of the respective experiments, cells were processed for Western blot or immunocytochemistry analysis. Additionally, the supernatant was collected for each time point for the experiments in Figure 5C . For all experiments involving detection of N-cadherin fragments in the supernatant, we used the same protocol as for immunoprecipitation with minor modifications. Briefly, 250 l of supernatant (from each respective time point) was mixed with an equal volume of RIPA, 10 l of Protein-A beads (Santa Cruz Biotechnology), and 1 g of antibody against N-cadherin (Santa Cruz Biotechnology) and incubated overnight at 4°C. The 95 kDa N-cadherin fragment was detected using MNCD2 primary antibody against the N-terminus of N-cadherin (Developmental Studies, Hybridoma Bank).
Biotinylation of cell-surface proteins. SVZ cell cultures were prepared as above and cells were plated onto poly-L-lysine (50 g/ml) and fibronectin (10 g/ml)-coated plates (250,000 cells/well in 6-well plates) and maintained in SCM for 48 h with EGF and bFGF2 at 37°C before performing the assay. Following 0 -24 h of EGF stimulation (as indicated in Fig. 5A ), cell-surface proteins were biotinylated using the EZ-Link Sulfo-NHS-SS-Biotinylation Kit (Thermo) following the manufacturer's protocol with minor modifications. In brief, cell cultures were washed twice with ice-cold PBS and incubated in 1.5 ml biotinylation solution (Sulfo-NHS-SS-biotin dissolved in aCSF) for 30 min at 4C with gentle shaking. The solution was aspirated, and un-reacted biotin was quenched by incubating cells with aCSF containing 100 mM glycine for 25 min at 4C with gentle agitation, followed by two washes with PBS. Following biotin labeling, cells were lysed in RIPA buffer containing inhibitors. Lysates were cleared by centrifugation at 10,000 ϫ g for 5 min at 4C, and biotinylated proteins (membrane proteins) were selectively isolated using streptavidin beads. Membrane proteins and intracellular material was analyzed by SDS-PAGE and Western blotting as described above.
SVZ niche explant cultures. Adult brains (P45-P90) were dissected, washed twice in HBSS, then transferred to fresh ice-cold HBSS medium before SVZ dissection. The brains were cut in 200-m-thick sections, and only the sections containing the SVZ were selected for additional processing. Explant migrations were performed essentially as previously described (Aguirre et al., 2005) . At 24 h after culturing, explants were retrovirally transduced with the N-cadherin constructs as indicated in Figure 6 (a gift from Dr Suda; Department of Cell Differentiation, Tokyo, Japan; Hosokawa et al., 2010) at a titer of 2-4 ϫ 10 6 plaque-forming units ml Ϫ1 for 4 consecutive days. At the conclusion of this period, explants were cocultured with heparin beads (Sigma-Aldrich) loaded with EGF (2 g/ml) or BSA (0.1% BSA). Explants were positioned 300 -400 m from each set of beads (Pozas et al., 2001) . Morphological analysis and cell migration quantifications were obtained at 24 and 48 h, respectively, after EGF-bead treatment, as previously described (Aguirre et al., 2005) .
(Figure legend continued.)
The colony-forming ability of NPCs derived from demyelinated samples was significantly higher until the second passage, and subsequently returned to nonsignificant levels (data not shown). G, Neurospheres from control and cuprizone-treated mice were plated onto poly-L-lysine and fibronectin-coated coverslips and maintained for 5 DIV under differentiating conditions to assay cell differentiation potential. A higher number of Tuj ϩ neurons (green) and CNP ϩ oligodendrocytes (red) were detected after demyelination, compared with control cultures. LV, Lateral ventricle. Data are shown as mean Ϯ SEM (n ϭ 4); *p Ͻ 0.01 for in vivo, *p Ͻ 0.05 for in vitro data using the Student's t test. Scale bars: D, E, G, 40 m; F, 300 m. In vivo expression of N-cadherin constructs by retroviral infection. SVZ NPCs were infected using retroviral particles containing N-cadherin constructs (Hosokawa et al., 2010) . Retroviral production and titer determination was done as previously described (Aguirre et al., 2007) . Control and transgenic mice were injected with the retroviral stock (2 l, titer 2-4 ϫ 10 6 plaque-forming units ml Ϫ1 ). Injections were performed stereotaxically using the following coordinates (relative to bregma): 0.5, 0.85, and 2.2 mm, anterior/posterior, medio/lateral, and dorso/ventral, respectively. Brains were processed at 15 and 30 d postinfection (dpi) using immunofluorescence to analyze cell migration and differentiation of SVZ NPCs, respectively.
Microscopy and cell counting. A Leica DMI6000B confocal laserscanning microscope TCS-SP5 was used for image localization of FITC (488 nm laser line excitation; 522/35 emission filter), Cy3 (570 nm excitation; 605/32 emission filter), and Cy5 (647 excitation; 680/32 emission filter). Optical sections (z ϭ 0.5 m) of confocal epifluorescence images were sequentially acquired using LAS AF software (Leica). Images were merged using NIH ImageJ software and merged images were processed in Photoshop Cs4 software (Adobe) with minimal manipulation of contrast. At least 3-4 different brains for each strain and each experimental condition were analyzed and counted, as indicated in each respective experiment. Cell counting was performed blindly, analyzing the dorsolateral region of the SVZ, and tissue sections were matched across samples. For characterization of cells in the SVZ at different time points after acute and chronic demyelination, a minimum of six correlative slices from a 1-in-10 series located between Ϫ0.2 and ϩ1.2 mm (anterior to posterior) from bregma were analyzed. On average, 15-20 sections were quantified using unbiased stereological morphometric analysis of the SVZ to obtain an estimate of the total number of positive cells. For the quantifications in Figure 7 , GFP ϩ cells in volume matched regions, the center of which contained the injection site, were taken into consideration. All cell quantification data were obtained by cell counting using ImageJ software (NIH). Statistical analysis was performed by the Student's t test. All data are presented as the mean Ϯ SEM, as indicated.
Results
Proteins that play pivotal roles in neural stem and progenitor cell biology are upregulated in the SVZ niche during demyelination To identify candidate signaling pathways that could enhance cell recruitment to areas of brain damage we used the following mouse models of demyelination and remyelination: (1) dietary cuprizone-fed mice as a model of chronic demyelination of the SCWM ( Fig. 1A ; Hiremath et al., 1998) and (2) lysolecithintreated mice as a model of induced acute focal demyelination in the CC (Fig. 1B; Woodruff and Franklin, 1999) . Using the cuprizone model we applied an unbiased proteomics-based approach to elucidate signaling cues present in the SVZ that could be involved in promoting repair. SVZ tissue was collected from mice treated with a cuprizone diet or a regular diet for 12 weeks. SVZ tissues collected from control mice fed with 15N-SILAM-Mouse diet (Silantes, Germany) were used as internal standards for quantification (Krüger et al., 2008; Sinnamon et al., 2012) . Using this approach, we aimed to identify signaling elements present in the SVZ niche during the peak of demyelination when the SVZ niche was actively adapting to the injury, which could be manipulated to promote repair. Protein expression changes were calculated as the ratios of signals from cuprizone-treated SVZ and untreated SVZ (treated/15N labeled control; Sinnamon et al., 2012 ) . Using this novel approach we identified several proteins that are known to play roles in neural stem and progenitor cell biology (Table 2) . Of note, proteins including Cadherin superfamily members (cadherin-2/N-cadherin and cadherin-13/Tcadherin), Ig superfamily CAMs (neural cell adhesion molecule 1/2, CHL1, L1 cell adhesion molecule, Neurofascin, and CADM1; Katidou et al., 2008), Catenin family members (␣-catenin, ␤-catenin, and delta-catenin; Zhao et al., 2011) and proteins involved in focal adhesion formation and cytoskeletal protrusion (Talin 1, vinculin, and actin-related protein 2/3 complex subunit 4; DeMali et al., 2002) were found to be differentially regulated during the peak of ongoing demyelination.
EGFR؉ neural progenitor cells expand within the SVZ niche in response to demyelinating injury
Upregulation of molecular signatures in specific cells populations of the SVZ during demyelination could be an adaptation of the CNS to promote repair. Consistent with this hypothesis, there was a significant expansion of cells in the dorsolateral SVZ at the peak of SCWM demyelination (Fig. 1C-E) . Immunohistochemistry (IH) analysis was used to characterize the expanded cell populations. A higher number of cells coexpressing EGFR and Olig2 or Mash1 were observed in in the SVZ during the peak of demyelination compared with control conditions (Fig. 1C,D and data not shown). We denoted EGFR ϩ cells as SVZ NPCs in this study (type C cells; also called transit-amplifying cells; Doetsch et al., 1999 Doetsch et al., , 2002 , and used the EGFR as a cellular marker for NPC characterization. Hence, our data revealed that the expanded cell populations corresponded to NPCs. Progenitor populations in the SVZ at the peak of demyelination were actively dividing (EGFR ϩ BrdU ϩ , Olig2 ϩ BrdU ϩ , and Mash1 ϩ BrdU ϩ cells) demonstrating that their expansion was as a result of the higher proliferation rate observed following injury (Fig. 1C-E) . Moreover, in mice subjected to acute demyelination, along with an enrich- To further confirm that the expansion of NPCs in the SVZ niche resulted from cell division, we measured proliferation and the self-renewal capacity of SVZ NPCs after demyelination. A significantly higher number of neurospheres were generated from tissue derived from the SVZ of cuprizone-treated mice (Fig.  1F ) . The enhanced colony-forming ability was present exclusively during the first and second passages (Fig. 1F ) , as nonsignificant differences were observed after the third passage (data not shown). Enhanced neurosphere colony-forming capacity was also found during acute focal demyelination of the SCWM, as a significantly increased number of neurospheres were formed from NPCs isolated from lysolecithin-injected mice (28 Ϯ 3 neurospheres/1000 cells) compared with NaCl-injected mice (16 Ϯ 4 neurospheres/1000 cells, p Ͻ 0.05). We also analyzed the differentiation potential of these NPCs in vitro. In both treatments, NPCs were multipotent, generating neurons (Tuj ϩ cells), oligodendrocytes (CNP ϩ cells), and astrocytes (GFAP ϩ cells); however, higher differentiation capacity was observed during chronic demyelinating conditions (Fig. 1G) .
N-cadherin signaling pathway components are upregulated in the SVZ in response to demyelination Among the proteins identified by the proteomics analysis were components of the N-cadherin signaling pathway, which have been implicated in many cellular functions in the nervous system including cell adhesion, proliferation, and migration (Chalasani and Brewster, 2011; Shikanai et al., 2011;  Table 2 ). In an initial characterization, NPCs were found to express N-cadherin, as analysis of SVZ cells dissociated from adult mice demonstrated that the majority of EGFR ϩ cells display N-cadherin immunoreactivity on the cell surface ( Fig. 2A) . In an extension of our in vitro characterization, we used immunohistochemistry analysis to determine which cell populations in the SVZ express N-cadherin in vivo. Using this approach, N-cadherin expression was detected in quiescent neural stem cells (type B cells; GFAP ϩ EGFR Ϫ ), activated neural stem cells (GFAP ϩ EGFR ϩ ), and type C cells or transit-amplifying NPCs (GFAP Ϫ EGFR ϩ ) (Fig. 2B , and data not shown; see Doetsch et al., 1999 for SVZ cell classification). Interestingly, N-cadherin was found to be upregulated during demyelination, and this newly detected N-cadherin expression was localized to NPCs (EGFR ϩ cells) responding within the SVZ to the white matter injury (Fig. 2B ). In agreement with our proteomics analysis, N-cadherin and its interaction partners ␤-catenin and pp120 were found to be upregulated during the peak of both acute and chronic demyelination (Fig. 2C-F ) . This upregulation was evident only during the peak of demyelination, as expression levels of N-cadherin pathway members returned to or toward control levels during the recovery phase. Together, our data indicate that higher expression levels of N-cadherin pathway components are present during the peak of demyelination in SVZ NPCs, suggesting a potential role for this signaling pathway in myelin repair.
N-cadherin signaling in SVZ neural progenitor cells is initiated by enhanced proteolytic shedding during demyelination Full-length (135 kDa) N-cadherin undergoes proteolytic cleavage at the extracellular domain by metalloproteinase activity, generating an intracellular 40 kDa C-terminal fragment (CTF1), which can be processed further by a ␥-secretase complex into a soluble 35 kDa fragment (CTF2; Nakazora et al., 2010). The ectodomain cleavage of N-cadherin, which disrupts cell-cell contact, is required before PS1/␥-secretase cleavage (Nakazora et al., 2010) . During demyelination, N-cadherin cleavage was significantly higher in the SVZ niche of mice with experimentally induced demyelination, as indicated by the accumulation of CTF1 (Fig. 3 A, B , arrowhead) and CTF2 (Fig. 3 A, B, line) . Interestingly, N-cadherin cleavage returned to control levels after remyelination, indicating that cleavage is temporally regulated (Fig. 3 A, B) . The cleavage of N-cadherin by a disintegrin and metalloproteinase domain-containing protein 10 (ADAM10) leads to changes in cellular behavior, resulting from active N-cadherin signaling upon CTF generation (Kohutek et al., 2009 ). To determine whether ADAM10 cleavage of N-cadherin in SVZ NPCs activates N-cadherin signaling during demyelination, we first characterized ADAM10 expression in resident cells of the SVZ by immunohistochemistry analysis. Our data showed that GFAP ϩ NSCs and EGFR ϩ NPCs, but not CD31 ϩ endothelial cells express ADAM10 in the SVZ (Fig. 3C) . We next questioned whether ADAM10 in NPCs is directly involved in N-cadherin cleavage during demyelination. To this end, we first assayed the total expression levels of ADAM10 in the SVZ during injury. ADAM10 was upregulated during the peak of demyelination in the SVZ, when N-cadherin cleavage was also at its highest level, indicating a possible link between these two proteins (Fig. 3 A, B, D, E) . We then performed a series of immunoprecipitation (IP) experiments to further elucidate whether ADAM10 regulates N-cadherin cleavage and signaling activation during demyelination. Using this approach, enriched ADAM10/N-cadherin complexes were detected under demyelinating conditions, which resolved to control levels during recovery (Fig. 3 F, G) . The transient increase in the association between these signaling elements provides evidence they function in the adaptation of the SVZ niche to injury. ADAM10 processes N-cadherin in the SVZ by an EGFRmediated mechanism during demyelination EGF is a potent mitogen for NPCs in the SVZ niche, and also promotes recruitment of NPCs to acute demyelinating lesions, acting as a positive signal to accelerate the process of remyelination (Aguirre et al., 2007; Cantarella et al., 2008; Gonzalez-Perez et al., 2009) . Taking this into consideration, we asked whether EGFR signaling regulates N-cadherin processing. We first investigated whether the EGFR signaling pathway is activated during acute and chronic demyelination in the SVZ niche. By Western blot analysis, higher levels of EGFR phosphorylation and the presence of the downstream target phospho-ERK1/2 were observed in SVZ niche tissue isolated from lysolecithin-and cuprizone-treated mice, confirming EGFR pathway activation (Fig. 4 A, B) .
In prostate epithelial cells, cleavage of E-cadherin by ADAM10 is mediated by EGFR signaling (Grabowska et al., 2012) . To address the possibility that a similar mechanism leads to N-cadherin cleavage in NPCs, we performed cell culture experiments from NPCs isolated from the SVZ and then evaluated N-cadherin expression and colocalization with ADAM10 in the Analysis by immunocytochemistry revealed that EGFR ϩ NPCs of the adult SVZ display immunoreactivity to N-cadherin on the cell membrane. The arrowhead indicates the cell selected from a low-magnification view (Low Mag., left) depicted in the right panels at a higher-magnification. B, Cells residing within the adult SVZ niche express N-cadherin in vivo. Immunohistochemistry analysis with anti-GFAP and anti-EGFR antibodies was used to characterize N-cadherin expression in neural stem cells (NSCs) and NPCs in the SVZ. Using this approach, N-cadherin expression was detected in quiescent NSCs (GFAP ϩ EGFR Ϫ ; data not shown), activated stem cells (GFAP ϩ EGFR ϩ ), and NPCs (GFAP Ϫ EGFR ϩ ). Further, at 7 dpl, an increase in the total number of EGFR ϩ progenitors, and EGFR ϩ N-cadherin ϩ cells was observed in the SVZ. White boxes depict higher-magnification views of the indicated region. C, D, N-cadherin signaling elements are upregulated in response to demyelination. SVZ tissue was dissected to detect total protein levels of N-cadherin signaling elements during acute (C) and chronic (D) demyelination. Western blot analysis demonstrated a transient upregulation of N-cadherin pathway members during the peak of acute (5 dpl) and chronic (12w) demyelination which returned to or toward control levels after recovery (21 dpl and 12w/4w), respectively. Note that at the demyelination time points (5 dpl and 12w), a significant difference in the levels of phospho-p120 (pp120), but not total p120, was detected. E, F, Quantification of data from (C) and (D), respectively. Histograms express results in A.U. after actin normalization. NaCl, Control; contralateral; Lyso, lysolecithin; ipsilateral; Cupz., cuprizone diet; Reg., regular chow diet; LV, lateral ventricle. Data are shown as mean Ϯ SEM (n ϭ 3); *p Ͻ 0.05, Student's t test. Scale bars: A, 10 m; B (low-magnification), 60 m; B (high-magnification), 15 m.
presence of an EGF stimulus. Untreated NPCs from the adult SVZ showed only minimal N-cadherin/ADAM10 colocalization on the cell membrane surface (Fig. 4C, top) . However, with 2 h of EGF stimulation, N-cadherin and ADAM10 displayed a strong membrane colocalization, an indication of N-cadherin cleavage and signaling activation (Fig. 4C, middle) . This colocalization resolved to control levels after prolonged EGF treatment (24 h; Fig. 4C, bottom) . Our results indicate that EGFR signaling mediates N-cadherin cleavage and pathway activation, as EGF treatment of NPC cultures decreased levels of full-length N-cadherin and induced phosphorylation of p120 after prolonged stimulation (Fig. 4D, top) . To further validate this finding, we performed IP experiments using protein extracts of SVZ cells treated with EGF. Increased N-cadherin/ ADAM10 interaction occurred during the first hours of EGF treatment and returned to normal levels after 24 h of treatment (Fig. 4D,  bottom) . Consistent with our hypothesis, an EGFR blocker (AG; AG-1478) prevented N-cadherin cleavage ( Fig. 4E ; CTF panel) and N-cadherin/ADAM10 interaction (Fig. 4E ) in primary cell cultures derived from SVZ tissue, demonstrating the direct participation of EGFR signaling in this process.
To substantiate the role of EGFR signaling in regulating N-cadherin in the context of demyelination in vivo, we analyzed N-cadherin cleavage in the SVZ of adult Wa2 (Wa2/Wa2; hypomorphic EGFR signaling; Aguirre and Gallo, 2007; Aguirre et al., 2007) and CNP-hEGFR (overexpressing EGFR in CNP-lineage progenitors; Ling et al., 2005) mice. Higher CTF levels were observed in the CNP-hEGFR samples both under normal conditions and after demyelination as compared with wild-type and Wa2/Wa2 mice (Fig. 4F ) . However, in Wa2/Wa2 mice, the accumulation of CTFs was not observed under normal conditions or after demyelination (Fig. 4F ) . The lack of CTF accumulation in Wa2/Wa2 mice could be explained, in part, by a defect in the EGFR-mediated ADAM10/N-cadherin interaction as demonstrated by IP analysis. After demyelination, N-cadherin/ ADAM10 complexes were lower in Wa2/Wa2 samples compared with control samples, as Wa2/Wa2 mice did not activate ADAM10 in response to injury (Fig. 4G) .
We performed a biotin-labeling assay to measure cell surface expression levels of full-length N-cadherin to gain further insight into EGFR-mediated N-cadherin cleavage. SVZ tissue from adult Increased N-cadherin shedding and ADAM10 expression levels in the SVZ niche during acute and chronic demyelination of the subcortical white matter. A, B, N-cadherin shedding and signaling activation is enhanced in the SVZ in response to injury. SVZ tissue was dissected from lysolecithin-and cuprizone-treated mice at the indicated time points to perform Western blot (WB) analysis. Note that N-cadherin shedding is most robust in the SVZ niche during the peak of acute and chronic demyelination (7 dpl and 12w, respectively), before returning to control levels during the recovery phase (21 dpl and 12w/4w, respectively). Processing of N-cadherin was determined by the presence of the C-terminal fragments CTF1 (arrowhead) and CTF2 (line). C, Characterization of ADAM10 in resident cells of the adult SVZ niche. Adult brains of wild-type and reporter GFAP-GFP mice were processed for immunohistochemistry analysis with antibodies against ADAM10, EGFR, and CD31 to characterize ADAM10 expression in neural stem cells (NSCs), NPCs, and endothelial cells. ADAM10 colocalized to the cell membrane of GFAP Ϫ GFP ϩ NSCs and EGFR ϩ NPCs, but not CD31 ϩ endothelial cells. D, E, Increased expression levels of ADAM10 were observed during the peak of acute and chronic demyelination in the SVZ. WB analysis using anti-ADAM10 against SVZ protein extracts from lysolecithin (D) and cuprizone (E) treated mice revealed increased ADAM10 protein levels at the peak of demyelination. F, G, Equal amounts of SVZ lysate from (D) and (E) were incubated with protein-A beads coupled to N-cadherin antibodies, and the precipitated material was analyzed by WB to assay N-cadherin and ADAM10 interaction during demyelination. Anti-N-cadherin immunoprecipitation followed by anti-ADAM10 immunoblotting demonstrated the enhanced interaction of ADAM10 and N-cadherin during the peak of demyelination. During the recovery period, this difference was no longer evident, suggesting a temporal regulation of this pathway only during the peak of demyelination. NaCl, Control: contralateral; Lyso, lysolecithin; ipsilateral; Cupz., cuprizone diet; Reg., regular chow diet; LV, lateral ventricle. Data are shown as mean Ϯ SEM (n ϭ 4); *p Ͻ 0.05, Student's t test. Arrow, Full-length N-cadherin; arrowhead, CTF1; line, CTF2. Scale bar, 25 m. mice was used to prepare cell cultures to assay N-cadherin biotinylation following EGF treatment. Beginning at 1 h after the addition of EGF to the culture medium, there was a continual decrease in the levels of biotinylated full-length N-cadherin (Fig.   5A ). We next attempted to detect the 95 kDa fragment, generated exclusively by proteolytic cleavage, in the culture media following EGF stimulation of NPC cultures (Fig. 5B) . Our Western blot data showed that the 95 kDa N-terminal fragment of N-cadherin accumulated in the supernatant (culture media) after prolonged EGF stimulation (4 -24 h; Fig. 5C ).
To directly link EGFR signaling and ADAM10 activity in NPCs, we generated a Nestin::ADAM10 fl/fl mouse line (fl/fl mice), enabling tamoxifen-inducible genetic deletion of ADAM10 in nestin ϩ progenitors. Expression of the Nestin intermediate filament protein has been detected in SVZ NPCs in the mature brain (Walker et al., 2010;  Fig. 6B ), validating nestin-cre as an appropriate driver for the knockdown of ADAM10 in NPCs and their progeny, and not in other neural cell lineages that express ADAM10. In this ADAM10 fl/fl mouse, processing of N-cadherin was noticeably decreased, as CTFs were nearly undetectable (Fig. 5D) . Furthermore, the expression levels of the downstream targets of N-cadherin, ␤-catenin and pp120, were also reduced, indicative of decreased pathway activity (Fig. 5D ). Of note, overall levels of full-length N-cadherin were also reduced in ADAM10 fl/fl mice, indicating the regulation of N-cadherin in the SVZ depends, in part, on ADAM10 expression. After treating NPCs with EGF, accumulation of the 95 kDa fragment in the culture medium was absent in NPCs from ADAM10 fl/fl mice (Fig. 5C ). Similar results were obtained when Wa2/Wa2 cells were treated with EGF (Fig. 5C ).
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( Figure legend continued. ) ADAM10/N-cadherin interaction were most robust at 2-4 h of EGFR stimulation. E, Adult SVZ NPCs were cultured for 24 h and then pretreated with an EGFR blocker (AG 1478) for 30 min before EGF treatment. Following the indicated treatment, cells were collected and processed for WB and immunoprecipitation analysis. Note that blocking EGFR phosphorylation using AG 1478 reduced EGFR-mediated N-cadherin shedding and N-cadherin/ ADAM10 protein/protein interaction in NPCs of the SVZ. EGFR signaling activation in NPC cultures of the SVZ was determined by detecting phosphorylation of the EGFR and ERK by WB analysis. F, Wild-type, CNP-hEGFR, and Wa2/Wa2 mice were injected with lysolecithin in the CC and at the peak of acute demyelination SVZ tissue was collected for WB analysis. Processing of N-cadherin in wild-type mice was heightened in response to demyelination (left). In a transgenic mouse where EGFR signaling is enhanced in CNP lineage progenitors (CNP-hEGFR) a constitutive N-cadherin processing was detected, in both the presence and absence of demyelination (middle). In contrast, in a mouse in which the EGFR signal is hypoactive (Wa2/Wa2 mice), a reduced N-cadherin processing was observed both in control and demyelination conditions. N-cadherin processing was determined by the accumulation of CTF1 (arrowhead) and CTF2 (line) fragments by WB. G, Total protein extracts isolated from the SVZ at the peak of acute demyelination from Wa2/ϩ (control) and Wa2/Wa2 (impaired EGFR signaling) mice demonstrated that ADAM10 protein expression (top) and ADAM10/N-cadherin interaction (bottom) were less abundant in the Wa2/Wa2 samples, compared withWa2/ϩsamples.NaCl,Control:contralateral;Lyso,lysolecithin:ipsilateral;Cupz.,cuprizonediet; Reg., regular chow diet. Data are shown as mean Ϯ SEM (n ϭ 3); *p Ͻ 0.05, Student's t test. Arrowhead, CTF1; line, CTF2; AG 1478, AG. Scale bar, 15 m. Following EGF simulation for the indicated time points, Sulfo-NHS-biotin was used to label cell surface proteins with exposed lysine residues (i.e., N-cadherin), and the labeled material (membrane fraction) was precipitated with streptavidin beads. Anti-N-cadherin was used with the lysate collected from the membrane fraction to determine the processing state of N-cadherin (unprocessed/full-length or processed). Following EGF stimulation, immunoreactivity against full-length N-cadherin markedly decreases, indicating increased processing in response to EGFR activity. Equal aliquots of intracellular lysate were analyzed by WB with anti-␤-Actin, to demonstrate equal amounts of material were collected, and subsequently used as input for the above analysis. B, Diagram indicating the workflow for analysis of N-cadherin shedding used in (C). Equal numbers of SVZ NPCs were plated and maintained in vitro. Following EGF stimulation for the indicated time points, the culture media was collected for immunoprecipitation and Western blot (WB) analysis to detect the 95 kDa fragment of N-cadherin released upon shedding. C, NPCs from the SVZ of the wild-type, ADAM10 fl/fl, and Wa2/Wa2 mice were treated with EGF in vitro for 0, 4, or 24 h. Wild-type mice showed an accumulation of the 95 kDa fragment, the product of N-cadherin cleavage, in the supernatant. Note that accumulation of the 95 kDa fragment was not detected in NPCs isolated from ADAM10 fl/fl or Wa2/Wa2 mice after EGF stimulation, indicating cleavage does not occur at detectable levels in response to treatment. D, Adult ADAM10 fl/fl mice received three tamoxifen injections 24 h apart over the course of 3 d to ablate the expression of ADAM10 in nestin ϩ cells of the SVZ. Following tamoxifen treatment, SVZ tissue was collected and processed for WB analysis. N-cadherin shedding and downstream signaling components of the N-cadherin pathway (␤-catenin and pp120) were reduced in ADAM10 fl/fl mice compared with control samples; n ϭ 3. Arrow, Full-length N-cadherin; line, CTF. Figure 6 . EGFR signaling activates the N-cadherin pathway and leads to cell polarization and directional migration of adult SVZ neural progenitor cells. A, EGF treatment promotes cellular polarization of NPCs. Wild-type SVZ NPCs were cultured on coverslips and maintained under proliferating conditions for 24 h. Cell cultures were maintained in basal media for 4 h before EGF stimulation at the indicated time points. After EGF stimulation, cell cultures were fixed and processed for immunocytochemistry analysis with anti-EGFR and anti-Nestin antibodies. Note that SVZ NPCs undergo cytoskeletal rearrangement in a time-dependent fashion upon EGF stimulation. B, Graphical representation of the N-cadherin constructs used in this study (adapted from Hosokawa et al., 2010) . The wild-type N-cadherin construct (WT-N-cadherin) retains all the features of endogenous N-cadherin; the extra-cellular domain (ECD), ␤-catenin binding domain, and p120-binding domain. In addition, a GFP tag is present on the C terminus of the protein. dn-N-cadherin retains the features of the WT construct; however, the ECD is truncated resulting in a dominant-negative effect. CBR-N-cadherin and JM-N-cadherin also retrain the features of the wild-type construct, with the exception of the deletion of the ␤-catenin and p120 binding sites, respectively. A GFP sequence coupled to an IRES was used as a control construct (MX-GFP). C, Primary NPC cultures were infected with retrovirus encoding the WT-N-cadherin (WT) and dn-N-cadherin constructs (dn) to analyze expression levels of N-cadherin signaling pathway components. At 3 d after viral transduction, NPCs were collected, lysed, and subjected to WB analysis to assay for N-cadherin pathway activity. NPCs transduced with dn-N-cadherin display decreased expression of N-cadherin binding partners ␤-catenin and pp120, as well as a decreased generation of CTF1 compared with WT-N-cadherin. A similar characterization using CBR-N-cadherin and JM-N-cadherin encoding retrovirus demonstrated decreased expression of ␤-catenin and p120, respectively (data not shown). In several cell types, cadherins have been found to mediate the cell migration cycle by regulating the placement of focal adhesions to the leading edge of migratory cells (Nelson et al., 2004; Camand et al., 2012) . Both talin 1 and vinculin, intricately involved in the formation of focal adhesions, were found to be upregulated at 12 weeks of cuprizone treatment, during which high levels of pEGFR were detected (Table 2 ; Fig. 4A ). To further define the functional consequences of N-cadherin activation by EGFR signaling in NPCs, we analyzed morphological changes in NPCs stimulated with EGF in vitro. Our immunocytochemical analysis demonstrated that 4 h of EGF stimulation of SVZ NPCs promotes cell polarization, as treated cells underwent cytoskeletal rearrangement; by comparison, untreated cells displayed a larger cell body and multiple protrusions instead of a single leading edge (Fig. 6A) . Altogether, our analysis indicates that N-cadherin cleavage and ADAM10 activity are functionally linked by the activation of EGFR signaling, and that N-cadherin cleavage by ADAM10 promotes cell polarization.
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N-cadherin promotes cell migration and recruitment of neural progenitor cells into demyelinating lesions
To directly determine the functional role of N-cadherin signaling in the adaptation of the SVZ niche during injury, we used an in vitro gain-/loss-of-function approach. Recombinant retroviruses encoding different versions of N-cadherin were produced to stably express N-cadherin variants in vitro and in vivo (Hosokawa et al., 2010; Fig. 6 B, C) . We sought to address whether N-cadherin promotes SVZ NPC cell migration by using an in vitro migration assay with SVZ explants. To this end, adult SVZ explants were cultured in three-dimensional Matrigel and, 24 h later, were transduced with recombinant retroviruses encoding different versions of N-cadherin. At 24 h after the completion of transduction, migratory GFP ϩ cells began to detach, acquired a migratory morphology, and also started to migrate out of the explant towards the source of EGF, an indication of chemotaxis and directional migration (Fig. 6D-L) . Interestingly, a significantly higher number of detached GFP ϩ cells were observed in the WT-Ncadherin/GFP condition ( Fig. 6D-G) . In explants transduced with mutant forms of N-cadherin (dn, containing a deletion of the extra cellular domain; JM, lacking the intracellular p120 binding site; or CBR, lacking the intracellular ␤-catenin binding site; Hosokawa et al., 2010) , neither detachment or notable directional migration of GFP ϩ cells was observed, indicating that the native form of N-cadherin is necessary to promote chemotaxis and directional migration of NPCs toward an EGF source (Fig.  6D-L) . Only GFP ϩ cells that had migrated out of the SVZ explants displayed a typical migratory morphology characteristic of directional migration (i.e., a small cell body and a thin leading edge process; Fig. 6H-L) . These morphological changes were never observed with the N-cadherin mutant forms, suggesting that N-cadherin-mediated cell polarization is a prerequisite for directional migration (Fig. 6H-L) . At 48 h after the completion of transduction, NPC migration distance (distance between the edge of the explant and the migrating cells farthest from the explant) was also significantly enhanced in the WT-N-cadherin condition (Fig. 6M ) . These findings strongly indicate that N-cadherin signaling promotes polarity, enabling directional migration of adult SVZ NPCs.
Remyelination of demyelinated lesions is not only ensured by local SCWM progenitors, but also by migratory NPCs that are generated de novo in the SVZ (Aguirre et al., 2007; NaitOumesmar et al., 2008) . To further dissect the role of N-cadherin signaling during brain injury, we performed gain-and loss-of function experiments in vivo. After removal from 12 weeks of cuprizone diet, MX-GFP and N-cadherin-encoding retroviruses were stereotaxically injected into the SVZ of treated mice. At 48 h postinfection, MX-GFP ϩ cells were found in the SVZ and migrating into the rostral migratory stream (RMS) and, between 5 and 15 dpi, a higher number of GFP ϩ cells were observed in the olfactory bulb (OB; Fig. 7A ). These results confirmed that NPCs originally targeted were transduced within the SVZ. This migratory pathway was used as a model to elucidate the role of N-cadherin in promoting recruitment of NPCs from the SVZ into demyelinating lesions.
At 15 dpi, we also observed MX-GFP ϩ cells migrating en route to the SCWM, with some already integrated into the demyelinated lesions at this time point (Fig. 7B-D) . Interestingly, the number of GFP ϩ cells found within the SCWM was significantly higher in the WT-N-cadherin/GFP condition compared with the dn-N-cadherin/GFP or MX-GFP conditions (Fig. 7B-D, F ) . In all circumstances, the GFP ϩ cells that migrated to the SWCM were oligodendrocytes (GFP
, as determined by immunohistochemistry analysis at 30 dpi ( Fig. 7B-D , right, E) . N-cadherin overexpression promotes enhanced NPC cell recruitment not only as evidenced by the higher number of GFP ϩ cells within demyelinated lesions, but also by the fact that NPCs migrated farther and were more distributed throughout the entire SCWM compared with the control and dn-N-cadherin conditions (Fig. 7B-D) . Of note, although the migration of NPCs following viral transduction was the focus of our analysis, we cannot exclude the possibility that altering N-cadherin expression (either by overexpression of WT-N-cadherin or dn-N-cadherin) can also impact the course of NPC differentiation.
To directly elucidate whether our in vitro finding that EGFR signaling promotes N-cadherin migration through ADAM10 activity also acts in vivo, we performed the same analysis using viral transduction in the Nestin::ADAM10 fl/fl mouse line. First, we determined whether there was a predisposition to demyelination between the ADAM10 fl/fl and control mice using the lysolecithin and curpizone paradigm. Our analysis demonstrated that there is no predisposition to demyelination between control and ADAM10 fl/fl mice, as immunohistochemistry analysis with anti-MPB antibodies at 7 dpl displayed similar levels of demyelination in the SCWM (Fig. 7G) . Similar results were observed using the cuprizone paradigm (data not shown). Adult Nestin::ADAM10 fl/fl and Nestin::ADAM10 control mice were fed cuprizone for 12 weeks, and upon cuprizone removal, received tamoxifen injections (3 times, 24 h apart). Finally, these mice were transduced with N-cadherin retroviral constructs (Fig. 7H ) at 48 h after the last tamoxifen injection. At 15 dpi, the number of GFP ϩ cells that migrated into the demyelinated lesions of the ADAM10 fl/fl mice was significantly reduced compared with the number in ADAM10 control mice (Fig. 7 H, I ), confirming the critical role for ADAM10 in EGFR-mediated N-cadherin signaling activation. Together, our data provides evidence that ADAM10 activity is required for EGFR-mediated N-cadherin processing, allowing for NPC cell migration from the SVZ niche into demyelinated lesions to enhance repair following injury. Tepavčević et al., 2011) , and adult subjects with ischemic injuries showed increased cell proliferation in the anatomical region corresponding to the SVZ (Macas et al., 2006) . In light of the fact that the proliferation and the differentiation potential of NPCs are improved under these pathological conditions, our data are consistent with the hypothesis that activation of SVZ NPCs is an adaptation of the brain to promote regeneration.
Oumesmar
Despite promising findings, many of the cues and molecular events that promote activation and expansion of NPCs in the SVZ during pathological brain conditions are still largely unknown. Several studies have performed transcript and proteomic profiling assays to determine the basic molecular changes that underlie neural stem-cell properties in vitro, and show a relationship to the changes in vivo (Gurok et al., 2004; Aiba et al., 2006) . Whether those elements govern stem cell properties during pathological conditions remains poorly understood. In the present work, we report the application of a mouse SILAC diet to analyze newly synthesized proteins from brain tissue in vivo, and compare the protein profiles that are present during the adaptation of SVZ niche in conditions of demyelination (Kruger et al., 2008, Sinnamon et al., 2012). To date, many studies attempting to obtain quantitative gene expression profiles in higher organisms have used microarray-based approaches. Although this and other transcriptome profiling techniques have a number of advantages, regulation above the level of transcription often complicates the interpretation of such data (Kruger et al., 2008) . Our analysis by SILAC to quantify changes of protein expression on a large scale in the SVZ after demyelination is a novel, reliable, and comprehensive approach to identify proteins and ultimately test their role in brain repair. We focused on the N-cadherin pathway, in part, based on findings that this pathway regulates the maintenance of neural precursors during embryonic development (Zhang et al., 2010 (Zhang et al., , 2013 . Although a role for N-cadherin in NPCs of the pathological SVZ has not been established before this study, it has been suggested that N-cadherin could be involved in the initiation of remyelination in the spinal cord in a mouse model of multiple sclerosis (Hochmeister et al., 2012) . In support of this, our data demonstrated higher levels of N-cadherin processing and activation of its downstream elements (␤-catenin and pp120) in both acute and chronic demyelination, suggesting a role for this signaling pathway in myelin repair.
In pathological processes, several mechanisms of migration have been identified for the guidance of neural progenitors from the SVZ towards brain lesions (Aguirre et al., 2007; Jablonska et al., 2010), but the downstream targets have remained elusive. Our data indicate that N-cadherin signaling pathway activation during the peak of demyelination promotes migration of NPCs. N-cadherin is the most common cadherin in the vertebrate CNS, and has been shown to play a role in cell adhesion, migration, and differentiation, in this context (Bronner-Fraser et al., 1992; Corell et al., 2010) . Inactivation of N-cadherin in mice and zebrafish results in notable defects in neural tube formation (Radice et al., 1997; Lele et al., 2002) , and it was shown that those defects are correlated with aberrant cell migration (Taniguchi et al., 2006) . Classically, N-cadherin has been associated with the maintenance of tissue integrity through its mediation of cell-cell adhesion between stationary cells (Kostetskii et al., 2001; Kim et al., 2005) . This observation is in agreement with recent findings for epithelial cells, in which disruption of ADAM10-dependent N-cadherin shedding lead to increased cell-cell adhesion and inhibition of cell motility (Linford et al., 2012) . Further, E-cadherin has been implicated as being part of a regulatory circuit that includes both ADAM10 and the EGFR in hepatocellular carcinoma (Yue et al., 2013) . A positive role for N-cadherin in NPC migration in the adult brain in pathological conditions was further reinforced by our N-cadherin gain-of-function experiments in which we overexpressed WT-N-cadherin in SVZ NPCs of mice that were subjected to 12 weeks of cuprizone treatment. A significantly greater number of WT-N-cadherin GFP ϩ cells migrated into demyelinated lesions of the CC) and furthermore, there were WT-Ncadherin GFP ϩ cells observed migrating long distances within the SCWM, including the external capsule. However, although NPCs infected with control virus and dn-N-cadherin constructs migrate along similar routes, fewer dn-N-cadherin GFP ϩ cells were observed in the CC, with the overall migration distance being more limited, as well.
ADAM10 and ADAM17 were found to be upregulated in astrocytes and macrophages in mouse models of multiple sclerosis (Kieseier et al., 2003; Plumb et al., 2005) . In these studies it was proposed that ADAM10 and ADAM17 contribute to the inflammatory response by making the cytokine TNF␣ available, which is intricately involved in the pathogenesis of multiple sclerosis (Hofman et al., 1989) . Although current data demonstrate that ADAM10 and ADAM17 transactivate the EGFR by promoting the cleavage of pro-heparin-binding EGF ligand (Prenzel et al., 1999; Yan et al., 2002) , our data also suggest that during demyelination EGFR signaling could mediate ADAM10 activation as part of the cellular and molecular adaptation of the SVZ niche to promote repair. Consistent with this, higher expression levels of HB-EGF are present in demyelinated tissues (Aguirre et al., 2007) . Previously, we demonstrated that manipulation of EGFR signaling promotes proliferation and migration of NPCs both during development and after acute demyelination (Aguirre et al., 2007, and this work) . Here, we provide in vitro and in vivo evidence that EGFR signaling is upstream of ADAM10, as NPCs from Wa2/Wa2 mice did not activate ADAM10 or the N-cadherin pathway in response to EGF stimulation or demyelinating injury. Furthermore, NPCs from ADAM10 fl/fl mice were defective in promoting N-cadherin cleavage in the presence of EGF stimulation, supporting the idea that EGFR signaling is upstream of ADAM10 in mediating N-cadherin activation. Altogether, our study supports the hypothesis that the EGFR pathway and ADAM10 play significant roles in the maintenance of the SVZ niche, but also are key regulators of N-cadherin signaling under conditions of demyelination (Fig. 8) .
Interestingly, our data demonstrates that EGFR mediated N-cadherin shedding induces the polarization of NPCs allowing for migration toward demyelinated lesions. The cell migration cycle is a complex event requiring coordination between matrix proteins, transmembrane receptors that sense the matrix, and intracellular signaling pathways that regulate cell polarity, promote membrane protrusion/retraction, and ultimately drive the process of migration (Lauffenburger and Horwitz, 1996) . Our migration assay using explants from tissue isolated from the SVZ niche in cell culture demonstrates that EGFR pathway activation promotes N-cadherin-mediated cell polarization in NPCs, a prerequisite for cell migration. Importantly, N-cadherin-mediated migration can be regulated at several different levels. A recent study has demonstrated that Rab14 plays a role in cell migration events by regulating N-cadherin levels at the cell surface and that this was the result of altered transport of ADAM10, which prevented N-cadherin shedding (Linford et al., 2012) . Further work is required to create a complete picture of the pathways regulating migration in the pathological SVZ and their role in promoting brain repair. However, from the present study, it is evident that NPC chemotaxis toward demyelinated lesions and cell polarization, both mediated in part by EGFR, ADAM10, and N-cadherin signaling, are critical in the process of myelin repair. Deciphering how to enhance cell migration and recruitment at the molecular level is vital to developing cellular strategies for brain repair from endogenous progenitor cells.
In summary, by using proteomics analysis in the SVZ during demyelination, we identified N-cadherin as a key element in promoting repair. We propose that the response of the SVZ niche to demyelination includes altered expression of molecules involved in proliferation, cell adhesion, and migration during the peak of demyelination that are important for regeneration and functional recovery. Our study provides critical insights for the design of cell-based therapies to promote more efficient brain repair, by enhancing the recruitment of endogenous progenitor cells from the stem cell niche toward the lesion. A deeper understanding of how neural stem and progenitor cells and their progeny integrate signals from the microenvironment will lend insight into the mechanisms that underlie the adaptation of these cells during injury, and ultimately allow targeted therapies to be developed.
